Abstract-The method of moments (MoM) is used to rigorously analyze wide-band VHF scattering from a perfectly conducting trihedral placed above a lossy, dispersive half space. The method of complex images is employed to evaluate the layered-medium Green's function efficiently and is applied here to the halfspace problem. Particular attention is placed on the physics that underlie scattering from such targets (as a function of frequency, incidence angle, polarization, and soil type) for cases in which the target is small or of moderate size relative to wavelength (where high-frequency techniques fail). This problem is of interest when conventional trihedrals are employed to calibrate VHF synthetic aperture radar (SAR) systems.
I. INTRODUCTION

I
MAGE calibration is an issue of critical importance to synthetic aperture radar (SAR) systems [1] - [3] . Several techniques have been developed for SAR calibration, with nearly all involving canonical scatterers such as a trihedral [4] - [6] . Much of this previous research has been performed over narrow frequency bands, with the operating wavelength relatively small compared to the trihedral (or dihedral) dimensions [1] - [6] . While such operating conditions are appropriate for a wide class of radars, newly emerging systems require modified calibration procedures. For example, foliagepenetrating (FOPEN) and ground-penetrating (GPEN) SAR have been of significant interest recently, with many such systems operating over ultrawide-band (UWB) frequencies [7] , [8] . Foliage-penetrating systems are designed to operate at wavelengths at which significant biomass penetration is possible, while retaining sufficient bandwidth to achieve desired resolution. Similar issues hold for soil penetration. For many foliage and soil types, it has been found efficacious to operate in the VHF and low-UHF band [7] , [8] . At such frequencies, prohibitively large trihedrals are required if conventional high-frequency scattering models are employed during calibration. Alternatively, if conventionalsized trihedrals are utilized, improved models must be utilized to accurately simulate scattering from trihedrals when the wavelength is no longer small relative to characteristic target dimensions. In this paper, we take the latter approach, in which we rigorously model the VHF and low-UHF fields scattered from conventional-sized trihedrals placed over model ground (a lossy, dispersive half space). The results of this study are of importance for accurate FOPEN and GPEN SAR calibration. Previous analyses of scattering from trihedral and dihedral scatterers generally have been based on high-frequency techniques [4] - [6] such as the geometrical and uniform theory of diffraction (GTD and UTD, respectively). While such techniques are elegant and often yield simple and therefore useful results [4] - [6] , they are only appropriate when the high-frequency approximation is valid (characteristic target dimensions large relative to wavelength). Moreover, most of these previous analyses have considered the trihedral in free space, neglecting the effects of the soil. For conventionalsized canonical targets at the VHF and low-UHF frequencies of interest, such techniques are inappropriate. Therefore, to calibrate a FOPEN or GPEN SAR based on the fields scattered from such targets, we must employ numerical algorithms. Here, we utilize the method of moments (MoM) [9] , [10] , a well-known technique for modeling electromagnetic scattering at frequencies at which GTD and UTD fail. If the target is in free space, a MoM analysis is relatively straightforward, for one need only employ the scalar free-space Green's function [10] . However, at VHF and low-UHF frequencies, the wavelength is generally large relative to conventional trihedral targets, and the effects of the air-ground interface are not separated easily from those due to the trihedral itself. Consequently, we require rigorous application of the dyadic half-space Green's function, significantly complicating the MoM implementation. This is exacerbated by the fact that the space-domain dyadic Green's function cannot be expressed in closed form, with each component of the dyadic requiring solution of a Sommerfeld-type integral [9] . The kernels of such integrals generally are highly oscillatory and therefore require significant computational resources if conventional numericalintegration techniques are employed.
The components of the layered-medium dyadic Green's function are evaluated here using the recently developed complex-image technique [11] - [13] . This algorithm utilizes the Weyl identity [11] - [13] , which equates a particular Som- merfeld integral to the free-space Green's function. A parametric fitting algorithm, such as Prony's [14] or the matrix-pencil [15] method is used in the spectral domain to represent each component of the dyadic Green's function in terms of a sum of Sommerfeld integrals, each of which can be evaluated analytically via the Weyl identity [11] - [13] . Consequently, the arduous task of evaluating the oscillatory Sommerfeld integrals numerically is converted to the relatively simple task of performing a parametric fit along an appropriate path in the spectral domain [11] - [13] , thereby significantly accelerating the speed at which the components of the dyadic Green's function can be evaluated. This is particularly important for wide-band applications, since the dyadic Green's function must be computed anew for each frequency of interest.
In the work presented here, we provide a summary presentation of the numerical algorithm itself, since its individual components have been presented previously [9] - [15] . Our principal interest is in applying it to the rigorous analysis of wide-band VHF and low-UHF scattering from trihedral fiducial targets, situated above a lossy, dispersive half space (model soil). While this problem is of critical importance for FOPEN and GPEN SAR applications, to our knowledge, such an analysis does not exist in the literature. The results presented here will be of use for accurately calibrating such systems, and potentially for the design of fiducial scatterers that are well tailored to the frequencies of interest in SARbased detection of concealed targets.
The remainder of the text is organized as follows. In Section II, we summarize the MoM numerical algorithm, followed in Section III by a detailed examination of the fields scattered from trihedrals at VHF and low-UHF frequencies. In these results, we consider scattering from the trihedral when placed in free space and when placed over soil in order to quantify the effects of the latter. We consider trihedral dimensions representative of those generally deployed in practice for SAR applications [1] - [6] and address the variation of scattering from such targets as a function of incidence angle, polarization, frequency, trihedral tilt angle, and soil properties. The conclusions from this work are summarized in Section IV.
II. SUMMARY OF NUMERICAL MODELING ALGORITHM
The electric field at the spatial location produced by the surface currents at is expressed as [9] ( 1) where is the unit dyadic, is the permeability, and is the permittivity of the generally inhomogeneous background. The dyadic Green's function for the background medium is represented by . Here, we consider the special case of a layered medium [9] using "Formulation C" from [9] .
We assume that the general 3-D target (e.g., a trihedral) is composed of a perfect electric conductor (PEC) excited by a plane-wave incident from a distant SAR system. The currents induced on the surface of the PEC are solved for using a conventional MoM analysis [9] , [10] , where here we have employed a triangular-patch [10] discretization of . For the case of free-space scattering, and , and therefore the MoM solution of (1) is relatively straightforward [10] . Here, we are interested in a general layered medium, representative of soil. For this problem, each nonzero element of must be represented as a Sommerfeld integral in the form [9] (2)
where . The kernel in (2) is generally highly oscillatory, undermining the efficiency of conventional numerical-integration procedures [9] .
In the work presented here, (2) is evaluated by employing the Weyl identity [11] - [13] (3a) with (3b) To efficiently evaluate the integral in (2) for a source and observer in layer , we form the approximation (4) where the coefficients and are estimated along an appropriate line (or lines) in the complex plane [11] - [13] , using a technique such as Prony's method [14] or the matrixpencil [15] method. This procedure is applied separately for each component of the Green's function dyadic. The sum in (4) corresponds to the aggregate response from a collection of sources in complex space and therefore, this procedure is referred to as the method of complex images [11] - [13] .
By utilizing (4) in (2) and making use of the identity in (3a), (2) is represented in terms of a sum of components, each of which is integrated in closed form. We have therefore transferred the burden from the numerical evaluation of a highly oscillatory integral to the far simpler task of applying parametric estimation along an appropriate path in the plane [11] - [13] . Through the use of this procedure, it is possible to efficiently characterize wide-band scattering from perfectly conducting targets embedded in a general layered medium. We have augmented this procedure for consideration of dielectric targets as well [16] , [17] , although such are not addressed here.
III. WIDE-BAND TRIHEDRAL SCATTERING AT VHF FREQUENCIES
We consider a trihedral composed of three 90 -45 -45 triangles with hypotenuse equal to 2.44 m. This fiducial target is characteristic of those commonly used for calibration of many SAR systems [1] - [6] . We assume that at the frequencies of interest, the conductor can be simulated as a PEC of infinitesimal thickness. The target is situated over a lossy, dispersive half space (soil), as depicted in Fig. 1 . This represents a special case for our MoM algorithm, which is applicable to general layered soils. We have performed SAR measurements [8] at the Yuma Proving Ground, Yuma, AZ (for which we have extensive soil samples) as a function of soil water content. By adjusting the water content, the electrical properties of the soil can be altered significantly [8] , [16] , [17] . Consequently, we consider the effects of soil moisture content (i.e., soil electrical properties) on the RCS of the trihedral scatterer. The measured real and imaginary parts of the dielectric constant are plotted in Fig. 2 for Yuma soil as a function of water content.
Before proceeding to the results, we note that to our knowledge, no previous rigorous modeling of VHF scattering from trihedrals over soil exists in the literature. While VHF SAR imagery is available [7] , [8] , that data is uncalibrated due to the lack of accurate modeling of fiducial targets at these frequencies (this of course being what motivates the work presented here). Consequently, to verify the code's accuracy, we have performed tests against results presented in the literature for buried PEC bodies of revolution (BOR's) [18] . Space limitations prohibit showing the comparisons here, but the agreement between our computations and results in [18] is excellent. Our confidence is buttressed by the fact that the BOR results in [18] used a MoM code tailored explicitly to buried BOR's, while here we have employed a code for general PEC targets. While both algorithms employ the halfspace Green's function, the details of the algorithm in [18] and that reported here are quite different.
A. Induced Currents
We first consider the currents induced on a trihedral due to linearly polarized plane-wave excitation at 300 MHz. The target is placed 15 cm above the 10% Yuma soil, tilted upward 35 , and the vertically (V) polarized radiation is incident at and (see Fig. 1 ). In Fig. 3 , the normalized induced currents are plotted at times , , , and , where ns is the wave period at 300 MHz. In these plots, the direction of the arrow represents the direction of current flow, with the strength indicated by the arrow length. It is important to emphasize that these are steady-state current distributions at a single frequency. The normalized current magnitude is depicted by the gray-scale. In addition to presenting the intricate current distribution on the target, these results demonstrate that the wavelength (1 m in air) is comparable to the target dimensions, necessitating a rigorous MoM analysis rather than a more typical highfrequency analysis [4] - [6] . Although not shown here in order to conserve space, similar results have been computed for horizontally (H) polarized excitation. As one would expect, the induced currents for this case are markedly different than the V-polarization results in Fig. 3 . In particular, for H-polarization excitation, the induced currents flow primarily horizontal to the air-ground interface.
We have considered the induced currents on the same trihedral when situated in free space. The differences between the above-ground and free-space surface currents are very subtle, and therefore, the distinctions in these two cases are addressed quantitatively through consideration of the target radar cross section (RCS).
B. Frequency and Angle Variation
We first plot RCS results for the trihedral in free space tilted 35 upward, considering backscattering at all and for 300-MHz excitation. The VV, HH, and HV backscattered RCS's are presented in Fig. 4(a)-(c) [due to reciprocity, the VH fields are of course equal to the HV results in Fig. 4(c) ]. For SARcalibration purposes, azimuthal angles of are of most relevance. However, in the MoM computations, all and can be considered at modest additional computational cost [9] , [10] , so these are presented here for completeness. As expected, due to symmetry, the cross-polarized fields vanish at and . The influence of the soil on the trihedral RCS is of critical importance for SAR calibration. We address this issue by considering in Fig. 5(a) -(c) the same scenario as discussed above, but with the trihedral placed 15 cm above Yuma soil with 10% water content (see Fig. 2 ), again tilted upward 35 . For all angles of incidence, the fields penetrate the soil better for V polarization than for H polarization [19] . Consequently, one would anticipate the effects of the soil to be minimum for VV polarization, with the soil affecting the HH and cross-polarized backscattered fields more prominently. This expectation is realized in Figs. 4 and 5, which demonstrate that the RCS is least affected by the soil for VV polarization. However, the gray scale plots are difficult to read for assessment of the subtle differences between the free-space and above-ground cases. We will attempt to make such variations more quantitative.
In particular, in Fig. 6 we plot the RCS as a function of the azimuthal angle for a fixed incidence angle (the Brewster angle for the 10% Yuma soil is approximately 68 ). Results are shown for frequencies 100, 300, and 500 MHz for the case of a trihedral placed 15 cm above the soil with a 35 upward tilt. Considering first the VV results in Fig. 6(a) , we see a small difference in the trihedral's above-ground and freespace response, with this difference becoming more prominent at lower frequencies. However, for the HH and HV cases [ Fig. 6(b) and (c)] , the difference between the free-space and above-ground cases is more significant, consistent with the results in Figs. 4 and 5. We attribute these differences to the aforementioned dichotomy in the soil-penetration properties of vertically and horizontally polarized plane waves. Moreover, the quasioptic picture of trihedral scattering is less appropriate with lowered radar frequency, thus explaining the increased importance of soil interactions as the frequency is lowered.
C. Trihedral Tilt Angle
In the above results, we have addressed the soil effects for a fixed trihedral tilt. We now investigate the importance of the trihedral tilt angle (Fig. 1) at 300 MHz for the case of free-space scattering when the target is 15 cm above 10% Yuma soil. In Fig. 7 , we consider tilts of 0 , 20 , and 40 for a fixed azimuthal position . Investigating first the VV-polarization case [ Fig. 7(a) ], we see that for , the agreement between the free-space and aboveground results are generally close for all trihedral tilt angles considered. However, the match between the above-ground and free-space cases is best for the largest upward tilt (40 ). It is interesting to note that for incidence angles near the Brewster angle (approximately 68 ), the agreement between the above-ground and free-space cases is almost exact for all trihedral tilt angles.
Considering now the HH case [ Fig. 7(b) ], we notice much more deviation between the above-ground and free-space cases for all tilt angles. The closest agreement appears to hold for the trihedral with the largest upward tilt (40 ) in the vicinity of . No cross-polarization results are presented for this case, since these vanish at for all .
D. Soil Variation
The above results underscore the importance of the soil interface on the RCS of a trihedral over ground. In many cases, however, the soil electrical properties are not known exactly, due to inhomogeneities in the soil type and moisture content that may change with time. We address this issue by considering the trihedral 15 cm above Yuma soil with no tilt, 0%, 5%, 10%, 15%, and 20% water content (Fig. 2) , and 300-MHz radar operation. We consider the backscattered RCS at . Considering the 0, 5, 10, 15, and 20% water content soil, the associated Brewster angles are approximately 59.1 , 62.3 , 68.8 , 74.0 , and 77.7 , respectively. Addressing first the VV response in Fig. 8(a) , we see that the RCS of the above-surface and free-space trihedrals are well matched in the regions expected from the corresponding Brewster angles. However, for a given moisture content, at angles away from the corresponding Brewster angle there is often a significant difference between the two results. Considering now the HH results in Fig. 8(b) , we see that the distinction between the above-ground and free-space response is significant for most angles . Interestingly, the angles for which the agreement between the free-space and above-ground VV results are closest (approximately ) have significant differences in the corresponding HH fields .
A trihedral above ground is a relatively complex target, and the scattered fields from such cannot be explained entirely in terms of relatively simple Brewster angle-related phenomena. For example, in considering the VV RCS in Fig. 8(a) , note that the above-ground and free-space curves are in close agreement in the vicinity of , with similar effects manifested at other angles for HH polarization [ Fig. 8(b) ].
To examine related effects as a function of the azimuthal position, we fix and consider variation of the angle . From Fig. 8, is an angle at which the VV fields scattered from the trihedral above ground are relatively close to those of the free-space trihedral for all soil types considered. Moreover, at this angle, the HH fields for the above-ground and free-space trihedral are markedly different. While Fig. 8 only considered the azimuthal position , from Fig. 9(a) we see that the relative sensitivity of the VV fields to the moisture content is relatively independent of over the principal region , with the same holding true for HH polarization [ Fig. 9(b) ]. Considering the cross-polarized fields, we see the HV fields vanish at , due to symmetry in the trihedral. Moreover, in the region , we also note that there is substantial variation between the cross-polarized fields for the free-space and above-ground cases.
E. Time Domain
The above results have focused exclusively on frequency domain operation. However, many SAR systems have wideband or even time domain operation [7] , [8] . We consider time domain scattering from a trihedral placed 15 cm above 10% Yuma soil, tilted upward 35 . The incident pulse is shown in Fig. 10 , and it has an associated spectrum that extends to approximately 600 MHz. The time domain scattered fields are viewed in the far zone, scaled by the distance between the sensor and the target center. Moreover, the waveforms are shifted by the time , where is the speed of light in a vacuum. It has been demonstrated that if there is sufficient resolution, the fields scattered from a trihedral are characterized by edge diffraction in addition to the specular return from the plate surfaces of the trihedral [4] . Considering the VV results in Fig. 10(a) , from four different observation directions we see that there are smaller wavefronts centered at about that arrive before and after the principal return. It is clear from these results that the edge-diffracted fields are often characterized by significant amplitudes. Consequently, the time domain trihedral response is not simply a time-shifted replica of the incident pulse. Similar effects are realized for the HH and cross-polarized fields, with the latter vanishing at due to symmetry. When performing SAR processing, the subsequent target image is realized by viewing the target from multiple angles [7] , [8] . With regard to a wide-band time domain system, the results in Fig. 10 demonstrate that the fields scattered from a trihedral fiducial target are a strong function of the target-sensor orientation, with this angular diversity implicitly incorporated in the subsequent imagery.
IV. CONCLUSIONS
A comprehensive study has been performed on wide-band VHF and low-UHF scattering from trihedral fiducial targets placed above soil, with application to SAR calibration. The principal purpose of this study has been to conduct a detailed analysis of the soil effects on the trihedral response as a function of frequency, polarization, trihedral tilt, and soil properties. This has been done in an effort to determine if the free-space trihedral response can be utilized for calibration at the frequencies of interest. While it is recognized that the relatively small data set presented here may be of limited value for calibration of a particular sensor, it is hoped that the insight will have general applicability. Moreover, since the results indicate that the soil effects must be accounted for in many cases of interest, the results presented here can be used to check the accuracy of a numerical model applied for such purposes.
Summarizing the conclusions from this work, the effects of the soil interface become more important as the frequency is lowered, which is of particular interest for VHF applications. Moreover, the soil effects are generally much more prominent for HH and HV scattering, relative to the VV case. With regard to the latter, near the Brewster angle we found the VV scattered fields above soil to be nearly identical to those of the target in free space. Concerning the HH fields, the discrepancy between the above-ground and free-space cases was reduced as the upward tilt of the trihedral was increased. The electrical properties of the soil generally were found to play a prominent role in the trihedral RCS for all polarizations. In particular, variation in the soil properties was found in some cases, which caused several dB variations in the target RCS. Finally, we considered time domain scattering from the trihedral above ground, using frequencies in the VHF and low UHF. For the large (2.44 m) trihedral considered here, the excitation had sufficient resolution to discern edge-diffracted scattering from the principal trihedral specular return. These results demonstrate that the transient response from a trihedral scatterer often is not simply a delayed replica of the incident pulse.
Future research will involve the use of our rigorous trihedral scattering model in the calibration of VHF systems [7] , [8] with applications to FOPEN and GPEN SAR. It also will take into consideration algorithms such as those reported in [1] - [3] . After the polarimetric VHF SAR imagery is properly calibrated, high fidelity automatic target detection algorithms can be brought to bear for the detection of concealed targets.
